The mitochondrial ADP/ATP carrier (AAC) is a major transport protein of the inner mitochondrial membrane. It exchanges mitochondrial ATP for cytosolic ADP and controls cellular production of ATP. In addition, it has been proposed that AAC mediates mitochondrial uncoupling, but it has proven difficult to demonstrate this function or to elucidate its mechanisms. Here we record AAC currents directly from inner mitochondrial membranes from various mouse tissues and identify two distinct transport modes: ADP/ATP exchange and H + transport. The AAC-mediated H + current requires free fatty acids and resembles the H + leak via the thermogenic uncoupling protein 1 found in brown fat. The ADP/ATP exchange via AAC negatively regulates the H + leak, but does not completely inhibit it. This suggests that the H + leak and mitochondrial uncoupling could be dynamically controlled by cellular ATP demand and the rate of ADP/ATP exchange. By mediating two distinct transport modes, ADP/ATP exchange and H + leak, AAC connects coupled (ATP production) and uncoupled (thermogenesis) energy conversion in mitochondria.
The mitochondrial ADP/ATP carrier (AAC) is a major transport protein of the inner mitochondrial membrane. It exchanges mitochondrial ATP for cytosolic ADP and controls cellular production of ATP. In addition, it has been proposed that AAC mediates mitochondrial uncoupling, but it has proven difficult to demonstrate this function or to elucidate its mechanisms.
Here we record AAC currents directly from inner mitochondrial membranes from various mouse tissues and identify two distinct transport modes: ADP/ATP exchange and H + transport. The AAC-mediated H + current requires free fatty acids and resembles the H + leak via the thermogenic uncoupling protein 1 found in brown fat. The ADP/ATP exchange via AAC negatively regulates the H + leak, but does not completely inhibit it. This suggests that the H + leak and mitochondrial uncoupling could be dynamically controlled by cellular ATP demand and the rate of ADP/ATP exchange. By mediating two distinct transport modes, ADP/ATP exchange and H + leak, AAC connects coupled (ATP production) and uncoupled (thermogenesis) energy conversion in mitochondria.
AAC exchanges cytosolic and mitochondrial adenine nucleotides across the inner mitochondrial membrane (IMM) to provide ADP for synthesis of ATP and to deliver ATP into the cytosol 1 . Humans have four AAC isoforms, AAC1-AAC4 (AAC4 is specific to germ cells and pluripotent stem cells) [1] [2] [3] , whereas mice lack AAC3 4, 5 . AAC operates by the alternating access mechanism with a single substrate binding site (SBS) intermittently exposed to either the cytosolic (c-state) or matrix (m-state) side of the IMM 1, 6 (Extended Data Fig. 8a ). Two additional roles, in mitochondrial uncoupling [7] [8] [9] [10] and the permeability transition pore (PTP) 11, 12 , have also been proposed for AAC.
Uncoupling proteins (UCPs) mediate H + leak (I H ) across the IMM. I H uncouples the H + flows via the electron transport chain and ATP synthase to reduce the efficiency of ATP production and cause mitochondrial thermogenesis. I H also decreases production of reactive oxygen species (ROS), thereby protecting mitochondrial integrity 8, 13 . I H via UCPs is activated by free long-chain fatty acids (FA) 14 . UCP1 is the UCP in brown and beige fat [15] [16] [17] [18] , but the identities of the UCP(s) that mediate I H in all other tissues are unknown. It has been suggested that all of the roughly 50 members of the SLC25 superfamily of mitochondrial solute carriers can contribute to I H 19 , and in particular the close UCP1 homologues UCP2 and UCP3 [20] [21] [22] , AAC [7] [8] [9] , the aspartate-glutamate carrier 8, 23 , dicarboxylate carrier 8, 24 , and phosphate carrier 25, 26 . I H might also occur through the lipid phase without protein involvement 27 . With so many proposed pathways for I H , the molecular mechanisms of mitochondrial uncoupling are hard to identify.
The role of AAC in I H has been further obscured by the implication of AAC in the PTP of the IMM. The PTP causes mitochondrial uncoupling and can lead to mitochondrial dysfunction and cell death 11, 12, 28 . Because FA also activate the PTP [29] [30] [31] , it is unclear whether AAC contributes to FA-dependent mitochondrial uncoupling via a H + -selective I H or non-selective PTP. Here we unravel the functional complexity of AAC by directly recording the transmembrane currents carried by AAC across the native IMM.
Identification of FA-dependent mitochondrial I H
To characterize I H in tissues that do not express UCP1, we used whole-IMM patch-clamping 17, 18 (Extended Data Fig. 1a) . Application of 1.5 µM arachidonic acid (AA) to the cytosolic side (bath) induced I H across the whole IMM of skeletal muscle (Extended Data Fig. 2b) , heart, liver, and brown fat (Extended Data Fig. 2a) . I H reversed at the calculated H + Nernst potentials (Extended Data Fig. 3 ). Notably, a small I H appeared before the addition of AA that was inhibited by the FA acceptor methyl-β-cyclodextrin (MβCD) and probably activated by FA within the IMM (Extended Data Fig. 2e ).
It has been proposed that FA possess protonophoric activity and cause H + current across any lipid bilayer, independent of transport proteins 27 . However, neither 1.5 µM nor 15 µM AA induced measurable currents across the plasma membrane, but both generated robust I H across the IMM (Extended Data Fig. 1b-d) . Thus, FA-dependent I H is not a universal property of lipid bilayers but a feature of the IMM.
We found no difference in I H amplitude in skeletal muscle mitoplasts isolated from mice deficient for UCP2 and UCP3 as compared to wildtype mice (Extended Data Fig. 2b, c) . Guanosine diphosphate (GDP), an inhibitor of UCPs [20] [21] [22] 32 , also had no effect on I H (Extended Data  Fig. 2d ). This finding correlates with the recently proposed roles of these proteins in mitochondrial transport of C4 metabolites and glucose/ pyruvate metabolism, rather than mitochondrial uncoupling 33, 34 .
Pharmacological and biophysical properties of I H
At physiological pH (7.5 inside and 7.0 outside the mitoplast), 2 µM AA induced both inward (observed at negative membrane voltages) and outward (at positive voltages) currents in skeletal muscle, heart, kidney, and liver mitoplasts (Fig. 1a) . Washout of FA reversed this effect (Extended Data Fig. 4i ). The specific AAC inhibitor carboxyatractyloside (CATR) 1 strongly inhibited the inward current but only partially inhibited the outward current (Fig. 1a, Extended Data Fig. 4k , l). Shorter chain palmitic acid (PA) and lauric acid induced similar CATR-sensitive currents (Extended Data Fig. 4a-c) . Another selective AAC inhibitor, bongkrekic acid (BKA), also suppressed I H (Extended Article reSeArcH Data Fig. 4d) . Thus, the CATR-and BKA-sensitive inward I H observed at physiologically relevant negative membrane potentials is likely to be mediated by AAC. By contrast, the largely CATR-and BKA-insensitive outward current observed at positive voltages is partially mediated by another transport mechanism.
We hypothesized that the outward current is mainly carried by FA anions as it was greatly reduced in a low pH bath solution that contained fewer cytosolic FA anions (Extended Data Figs. 1b, 2a, b,  4j) . To test this, we added 2 µM AA-sulfonate (AA-sulf, an AA analogue that exists only in the unprotonated anionic form at physiological pH) to the bath and observed only an outward current, as expected for transport of negatively charged AA-sulf into the mitoplast (Extended Data Fig. 4e) . Notably, this current was not affected by CATR (Extended Data Fig. 4e ), ruling out the involvement of AAC. The sulfhydryl reagent mersalyl strongly inhibited the outward FA anion current induced by AA-sulf (Extended Data Fig. 4f ) or AA (Extended Data Fig. 4g ) but did not affect the inward I H induced by AA (Extended Data Fig. 4g) , further confirming that different proteins carry the AA anion and H + currents induced by AA. Mersalyl washout did not restore the outward AA anion current, whereas addition of dithiothreitol (DTT) did (Extended Data Fig. 4h ), suggesting that cysteine oxidation is involved in this process. Pre-treatment with mersalyl before AA application allowed us to measure the AAC-dependent I H in isolation (Fig. 1b) . The outward I H via AAC was smaller than the inward I H , owing to the inward H + gradient used in this experiment (Fig. 1b) . In this study, we avoided using mersalyl and measured AAC-dependent I H in isolation from the AAC-independent FA anion current at either negative potentials or low pH.
In the absence of purine nucleotides that negatively regulate I H via both UCP1 and AAC (Extended Data Fig. 9d-f ), the density of the AAC-dependent I H was about five times smaller than that of the UCP1-dependent I H (Fig. 1b-d) .
Mitochondrial uncoupling is potentiated by both mitochondrial hyperpolarization and ROS, which serve as a negative feedback mechanism for mitochondrial ROS production 13, [35] [36] [37] . Accordingly, the current-voltage relationship of the AAC-dependent I H was nonlinear, with I H increasing sharply with membrane hyperpolarization (Fig. 1e, f) . In addition, application of tert-butyl hydroperoxide (tBHP), tributyltin (TBT), or 4-hydroxynonenal (4-HNE), which oxidize AAC cysteines 38, 39 , on the cytosolic face of the IMM potentiated I H via AAC (Extended Data Fig. 5a , c, e). Notably, because tBHP, TBT, and 4-HNE activated no currents in the absence of FA (Extended Data Fig. 5b, d , f), they do not act independently but potentiate the FA-induced I H .
Thus, pharmacological evidence suggests that AAC is responsible for the FA-induced mitochondrial I H . Notably, low micromolar FA are required for I H via both AAC and UCP1 17 . Previous suggestions that UCP1 or AAC mediate a 'basal' I H that is independent of FA 10 or activated by nanomolar FA concentrations 40 are likely to have been associated with the inability to reliably control FA concentrations in mitochondrial respiration experiments 41 .
AAC is required for I H
In mice, AAC1 and AAC2 are the only somatic isoforms of AAC 3, 4 . Expression of AAC1 is highest in the heart and skeletal muscle, and that of AAC2 in the kidney 4, 42 . In heart tissue from AAC1 −/− mice 5, 43 , AA failed to induce I H at negative potentials in all mitoplasts tested except one (Fig. 2a) . There was also a marked reduction in I H in AAC1 −/− skeletal muscle (Fig. 2b) , with some mitoplasts having no I H , whereas the remaining I H in others was still inhibited by CATR, suggesting that AAC2 was involved (Fig. 2b, Extended Data Fig. 6i, j) . I H in kidney (where AAC1 expression is low 4 ) was not significantly affected in AAC1 −/− mice and remained CATR-sensitive (Fig. 2c) . I H was not significantly altered in heart or kidney of AAC2 hypomorphic mice 42 (Extended Data Fig. 6a, b) , and was CATR-sensitive, probably owing to compensation with AAC1 42 (Extended Data Fig. 6a, b ). In contrast to I H , the outward current observed at positive potentials (primarily the AAC-independent FA anion current) was still present in both AACdeficient mice in all tissues tested (Fig. 2, Extended Data Fig. 6a-g ). , heart (n = 18), kidney (n = 4), and liver (n = 7) mitoplasts. Right, I H current densities at −160 mV in skeletal muscle (n = 56), heart (n = 67), kidney (n = 8), and liver (n = 13). b, Representative recording from skeletal muscle (top, n = 5) and heart (bottom, n = 4) mitoplasts pre-treated with 50 µM mersalyl. I H induced by 2 µM AA (red) was inhibited by 1 µM CATR (blue). c, UCP1-dependent I H induced by 2 µM AA (red) in brown fat mitoplasts (n = 3) was inhibited by 1 mM GDP (blue). d, Densities of AAC and UCP1 I H induced by 2 µM AA at −160 mV in skeletal muscle (n = 56) and brown fat (n = 3). e, Representative I H induced by 2 µM AA at different membrane voltages in heart mitoplasts (n = 4). f, I-V curve for I H based on data in e. a, d, f, Data are mean ± s.e.m. −/− mitoplasts. All AAC1 −/− experiments used the same wild-type control as in Fig. 1a . Heart: wild-type, n = 67 and AAC1 −/− , n = 11; skeletal muscle: wild-type, n = 56 and AAC1 −/− , n = 14; kidney: wild-type, n = 13 and AAC1 −/− , n = 6. Mann-Whitney U-test, two-tailed. Data are mean ± s.e.m.
Article reSeArcH
This current was partially inhibited by 1 µM CATR (Extended Data Fig. 6h ), but short of the full inhibition expected for current mediated only by AAC 1 . Thus, AAC1 plays a crucial role in I H , at least in heart and skeletal muscle. However, the recording of a CATR-sensitive I H in skeletal muscle and kidney from AAC1 −/− mice suggests that AAC2 can mediate I H .
FA as co-factors for H + transport by AAC
In UCP1, I H activation requires binding of FA within the translocation pathway 17 . As the length of the carbon chain and FA hydrophobicity increase, binding of FA is facilitated 17, 44 . The protonatable carboxylic group of the FA located within the translocation pathway enables H + transport. Non-protonatable low-pK a FA analogues (such as alkylsulfonates) inhibit I H by competing with FA to bind to UCP1 17, 44 . Purine nucleotides, which block the UCP1 translocation pathway, abolish I H via UCP1 17, 44 . FA anion transport can be studied in isolation from I H using alkylsulfonates 17, 44 . Short-chain alkylsulfonates (for example, C6-sulf) are transported by UCP1 and induce a steady outward transmembrane current 17, 44 (Extended Data Fig. 7d ). By contrast, long-chain alkylsulfonates (for example, AA-sulf) cannot dissociate from UCP1 owing to strong hydrophobic interactions, but move within the translocation pathway in response to voltage steps, giving rise to transient currents 17, 18, 44 (Extended Data Fig. 7c ). However, neither AA-sulf nor C6-sulf induced measurable AAC currents under these conditions (Extended Data Fig. 7c, d ). Our attempts to induce FA anion currents via AAC by applying AA-sulf or C6-sulf to both sides of the IMM also resulted in no measurable FA anion currents (Extended Data Fig. 7e, f) . However, at a higher voltage (−160 mV), we detected a small transient current that was likely to have been generated by AA-sulf trapped within the AAC translocation pathway (Extended Data Fig. 7b ). By contrast, AA induced a steady I H under the same conditions (Extended Data Fig. 7b) .
Thus, the presence of protonatable FA within the translocation pathway appears to be the common feature in FA-dependent H + transport by AAC and UCP1. However, FA serve as cofactors 41 in H + translocation by AAC (Extended Data Fig. 7g ), not as co-transported species as for UCP1 17 .
Adenine nucleotide transport by AAC
We next recorded AAC currents associated with the exchange of Mg , was observed only in the inward direction at negative voltages (Fig. 3a, Extended Data Fig. 8c ). This current was markedly reduced in AAC1 −/− heart mitoplasts ( Fig. 3a, d ). With matrix ADP and cytosolic ATP, the current reversed and was observed only in the outward direction at positive voltages (Fig. 3b, Extended Data Fig. 8d ). Finally, 5 mM ADP on both IMM sides resulted in no current (Fig. 3c) , as expected for homoexchange 1 . The ability to measure ADP/ATP exchange and control AAC conformations with the patch-clamp technique provided further insight into the mechanism of FA-dependent I H .
Nearly all AAC molecules in isolated mitoplasts were initially in the c-state (see Methods), because CATR, a c-state-specific inhibitor of AAC 1, 46 , almost completely blocked FA-dependent I H (Fig. 1a , Extended Data Fig. 4k) . Notably, pre-treatment of a mitoplast with cytosolic ADP to induce an m-state transition of the AAC molecules did not prevent subsequent activation of I H with FA, but rather made I H insensitive to CATR ( 
Nucleotide exchange negatively regulates I H
Application of ADP only on the cytosolic face of the IMM induced transient and partial inhibition of I H (Fig. 4a, c) . This transient inhibition probably occurred because cytosolic ADP caused transient transport of ADP and thus only briefly obstructed the translocation pathway for I H (Extended Data Fig. 9a ). Addition of 1 mM ADP on both sides of the IMM to activate continuous adenine nucleotide exchange via AAC led to steady (but partial) inhibition of I H (Fig. 4b, d , Extended Data  Fig. 9b ). Symmetrical addition of 100 µM ADP caused smaller inhibition of I H , whereas 10 µM ADP had no effect (Extended Data Fig. 9c) .
Notably, the same concentrations of ADP inhibited I H more profoundly via UCP1 than via AAC. For example, 100 µM ADP inhibited I H via UCP1 more than tenfold, compared to an approximately twofold inhibition of I H via AAC (Fig. 4e, Extended Data Fig. 9d-f) . The stronger inhibition of UCP1 is probably because adenine nucleotides −/− (n = 4) heart mitoplasts, measured at −160 mV in a. Mann-Whitney U-test, two-tailed. Data are mean ± s.e.m. e, I H activated by 2 µM AA before (red) and after (blue) addition of 1 µM CATR to bath. The mitoplast was pretreated with 1 mM ADP just before AA application. Skeletal muscle mitoplast. The experiment was repeated with similar results (n = 7) in heart and skeletal muscle mitoplasts.
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are not transported species, but rather blockers of UCP1. Thus, although UCP1 has a higher H + transport capacity (Fig. 1d ), adenine nucleotides make I H via UCP1 and AAC comparable in amplitude, suggesting that UCP1 and AAC have a closer impact on mitochondrial uncoupling in situ.
In conclusion, I H via AAC is reduced, but not fully inhibited, by adenine nucleotide exchange. The two transport modes of AAC appear to compete and are likely to occur via overlapping translocation pathways.
AAC deficiency disrupts mitochondrial uncoupling
Consistent with the marked reduction in I H in AAC1 −/− mouse heart mitoplasts ( Fig. 2a) , FA-induced uncoupled respiration was completely disrupted in isolated heart mitochondria from AAC1 −/− mice (Fig. 5a , Extended Data Fig. 10a ). The basal respiration of AAC1 −/− mitochondria was slightly higher than that of wild-type mitochondria (Extended Data Fig. 10a, b) , probably owing to their greater exposure to oxidative stress in vivo and susceptibility to PTP activation 43, 47 . We then generated a C2C12 mouse cell line that was deficient in AAC1 and AAC2 (AAC1/AAC2 double knockout, DKO). The abundances of mitochondrial respiratory complexes and ATP synthase, mitochondrial morphology, mitochondrial biomass per cell, and mitochondrial DNA abundance were overall similar in wild-type and DKO cells (Extended Data Fig. 10c, e-g ). Isolated DKO mitochondria had disrupted ADP-dependent respiration (Extended Data Fig. 10d) . The DKO cells were more glycolytic and had a higher extracellular acidification rate than wild-type cells (Extended Data Fig. 10h) . The basal respiration of isolated DKO mitochondria was markedly reduced both in the presence (Fig. 5b ) and in the absence (Extended Data  Fig. 10d ) of the ATP synthase inhibitor oligomycin, which illustrates that FA-dependent I H via AAC contributes strongly to mitochondrial uncoupling. PA-induced uncoupled respiration was also disrupted in isolated DKO mitochondria (Fig. 5c) . However, gramicidin A stimulated respiration to a similar degree in DKO and wild-type mitochondria, confirming that the respiratory capacity of DKO mitochondria was intact (Fig. 5b) .
Intact DKO cells had a markedly reduced basal respiration rate (Fig. 5d) , which was expected because their mitochondria support neither ADP-dependent nor uncoupled respiration (Fig. 5c, Extended  Data Fig. 10d) . Notably, the respiration rates of wild-type and DKO cells treated with oligomycin still differed substantially (Fig. 5d) , demonstrating that uncoupled respiration was severely disrupted in intact Heart and skeletal muscle mitoplasts, n = 9. Paired t-test, two-tailed. e, Mean densities of I H via UCP1 (dark grey) and AAC (light grey) under control conditions (n = 11, UCP1; n = 9, AAC) and in the presence of 100 µM (n = 5, UCP1; n = 8, AAC) or 1 mM ADP (n = 3, UCP1; n = 8, AAC). I H was measured as in Extended Data Fig. 9d , e. Brown fat and heart mitoplasts. c-e, Data are mean ± s.e.m. −/− ; 100 µM, dark orange, n = 4 for wild-type, n = 3 for AAC1 −/− ) or buffer (black, n = 5 for wild-type, n = 3 for AAC1 −/− ). Each n corresponds to independent mitochondrial isolations (see Methods). The effect of the PA was recorded upon addition (t0) and 30 min later (t30). Paired t-test, two-tailed. **P = 0.0009 for no PA versus 50 µM PA; # P = 0.0183 for no PA versus 100 µM PA. b, OCR of mitochondria isolated from wild-type (black) or DKO (grey) C2C12 cells before (basal, oligomycin added; n = 50 for wild-type, n = 47 for DKO) and after addition of gramicidin A (n = 40 for wild-type, n = 30 for DKO). Each n corresponds to individual respiration wells. Mann-Whitney U-test, two-tailed. c, OCR change in wild-type (grey, n = 20 wells) and DKO (white, n = 16 wells) isolated C2C12 mitochondria upon sequential addition of increasing concentrations of PA, and FCCP. All OCR changes were normalized to mean basal OCR (before PA addition). Mann-Whitney U-test, two-tailed. ***P = 0.0021, ****P > 0.0001 compared to basal. d, OCR of wild-type (black, n = 22 wells) and DKO (grey, n = 22 wells) C2C12 cells before (basal) and after addition of oligomycin. Mann-Whitney U-test, two-tailed. e, OCR change in wild-type (grey, n = 20 wells) and DKO (white, n = 19 wells) C2C12 cells after sequential addition of increasing concentrations of PA, and FCCP. All OCR changes were normalized to mean oligomycin OCR (before PA addition). Mann-Whitney U-test, two-tailed. ****P > 0.0001 compared to oligomycin. The growth medium for wild-type and DKO cells contained 25 mM glucose. All data are mean ± s.e.m.
Article reSeArcH DKO cells. Finally, sequentially higher PA concentrations failed to increase uncoupled respiration of DKO cells (Fig. 5e) .
Together, these data demonstrate that disruption of the AACdependent I H profoundly affects mitochondrial uncoupling in isolated mitochondria and intact cells.
Discussion
Our data suggest that AAC is responsible for mitochondrial I H in all tissues that do not express UCP1. The principal characteristics of I H mediated by AAC and UCP1 are similar, including activation by FA and negative regulation by purine nucleotides. Our data argue against the notion that the close UCP1 homologues UCP2 and UCP3, and all other SLC25 family members, contribute to FA-dependent I H . If they did, we would detect substantial AAC-independent I H in patch-clamp experiments, but we do not. We also did not identify large PTP-like channels or pores possibly formed by AAC, but the AAC-dependent I H may facilitate PTP opening by inducing mitochondrial depolarization, which activates PTP 11, 12 . It has been suggested that AAC can mediate FA-independent 'basal' I H
10
, but our data demonstrate that FA are required for H + transport via AAC. In fact, the presence of protonatable FA within the translocation pathway is the common requirement for I H via both AAC and UCP1. However, unlike with UCP1, FA appear to bind within the AAC translocation pathway as co-factors rather than transport substrates. Mitochondria in various tissues possess phospholipase A2 activity 17, 18, 48, 49 , which may be the primary physiological source of FA for AAC-dependent I H .
With AAC, I H is negatively regulated by ADP/ATP exchange, whereas with UCP1, I H is simply inhibited by cytosolic adenine nucleotides. This ability to dynamically adjust I H in accordance with ADP/ATP exchange (and thus cellular ATP demand) could make AAC uniquely suited to be the UCP of mitochondria that specialize in ATP production. Thus, AAC appears to serve as a master regulator of mitochondrial energy output, maintaining a delicate balance between ATP production and thermogenesis.
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Bertholet, A. M. & Kirichok, Y. UCP1: A transporter for H
+ and fatty acid anions. Biochimie 134, 28-34 (2017 Sample size was based on the results of pilot experiments to ensure that statistical significance could be reached. Randomization was not performed because mice were grouped by genotype. Blinding was not used. Isolation of mitochondria and mitoplasts from tissues. Mice were killed by CO 2 asphyxiation followed by cervical dislocation. For the preparation of mitoplasts from heart, skeletal muscle, brown fat, kidney, and liver, the selected mouse tissues were isolated, rinsed, and homogenized in ice-cold medium containing 250 mM sucrose, 10 mM HEPES, 1 mM EGTA, and 0.1% bovine serum albumin (BSA) (pH adjusted to 7.2 with Trizma base) using a glass grinder with six slow strokes of a Teflon pestle rotating at 275 (soft tissues) or 600 (fibrous tissues) rotations per minute. The homogenate was centrifuged at 700g for 5-10 min to pellet nuclei and unbroken cells. For some tissues, the first nuclear pellet was resuspended in the same solution and homogenized again to increase the yield of mitochondria. Mitochondria were collected by centrifugation of the supernatant at 8,500g for 10 min.
Mitoplasts were produced from mitochondria using a French press. In brief, mitochondria were suspended in a solution containing 140 mM sucrose, 440 mM d-mannitol, 5 mM HEPES, and 1 mM EGTA (pH adjusted to 7.2 with Trizma base) and then subjected to a French press at 1,200-2,000 psi to rupture the outer membrane. Mitoplasts were pelleted at 10,500g for 15 min and resuspended for storage in 500 µl of solution containing 750 mM KCl, 100 mM HEPES, and 1 mM EGTA (pH adjusted to 7.2 with Trizma base). Mitochondria and mitoplasts were prepared at 0-4 °C and stored on ice for up to 5 h. Immediately before the electrophysiological experiments, 15-50 µl of the mitoplast suspension was added to 500 µl solution containing 150 mM KCl, 10 mM HEPES, and 1 mM EGTA (pH adjusted to 7.0 with Trizma base) and plated on 5-mm coverslips pretreated with 0.1% gelatin to reduce mitoplast adhesion. Nearly all AAC molecules in isolated mitoplasts were initially in the c-state (Figs. 1a, 3e) . A likely explanation for this initial c-state is the presence of endogenous adenine nucleotides in the matrix and not in the isolation medium during isolation of mitochondria and mitoplasts. Patch-clamp recordings. Patch-clamp recording was performed from isolated mitoplasts. The mitoplasts used for patch-clamp experiments were 3-5 µm in diameter and typically had membrane capacitances of 0.3-1.2 pF. Gigaohm seals were formed in the bath solution containing 150 mM KCl, 10 mM HEPES, and 1 mM EGTA (pH 7 adjusted with Trizma base). Voltage steps of 250-500 mV and 1-50 ms were applied to break-in into the mitoplast and obtain the whole-mitoplast configuration (Extended Data Fig. 1a) , as monitored by the appearance of capacitance transients. Mitoplasts were stimulated every 5 s. Currents were normalized per membrane capacitance to obtain current densities (pA pF −1 ). All indicated voltages are on the matrix side of the IMM (pipette solution) as compared to the cytosolic side (bath solution, defined to be 0 mV). Normally, currents were induced by a voltage ramp from −160 mV to +100 mV to cover all physiological voltages across the IMM, but other voltage protocols were also used as indicated in the figures. Currents flowing into mitochondria are shown as negative, while those flowing out are positive (Extended Data Fig. 1 ). Membrane capacitance transients observed upon application of voltage steps were removed from current traces.
Both the bath and pipette solutions were formulated to record H + currents and contained only salts that dissociate into large anions and cations that are normally impermeant through ion channels or transporters. In the majority of experiments, we used a low pH gradient across the IMM (pH 7.5 and 7.0 on the matrix and cytosolic sides, respectively) to approximate physiological conditions. However, other pH gradients were also used as indicated.
Pipettes were filled with 130 mM tetramethylammonium hydroxide (TMA), 1.5 mM EGTA, 2 mM Tris chloride, and 100 mM HEPES (or MES). pH was adjusted to 6-7.5 with d-gluconic acid, and tonicity was adjusted to ∼360 mmol/kg with sucrose. Typically, pipettes had resistances of 25-35 MΩ, and the access resistance was 40-75 MΩ.
Whole-mitoplast I H was recorded in the bath solution containing 100 mM HEPES (or MES) and 1 mM EGTA (pH adjusted to 6.0-7.5 with Trizma base, and tonicity adjusted to ∼300 mmol/kg with sucrose). AA was selected as the I H activator, because this polyunsaturated FA is a principal product of membrane phospholipid hydrolysis 50 . In the absence of significant cytosolic triglyceride storage in non-adipose tissues, membrane phospholipid hydrolysis may be an important source of free FA for I H activation in vivo 17, 48 . To record UCP1 currents, before the application of AA, the endogenous membrane FA were removed by a 30-40 s pre-treatment with 10 mM MβCD 17 . Low pH 6.0 was employed in some UCP1 experiments to further suppress production of endogenous FA in brown fat mitoplasts 17 . All experiments were performed under continuous perfusion of the bath solution. All electrophysiological data presented were acquired at 10 kHz and filtered at 1 kHz. Mitochondrial respiration on isolated heart mitochondria. After mitochondria were isolated from wild-type and AAC1 −/− hearts (5 months old, 3-4 mice per genotype) as described above. The organelles were rinsed with a BSA-free isolation buffer (250 mM sucrose, 10 mM HEPES, 1 mM EGTA, pH adjusted to 7.2 with Trizma base) to remove the BSA. Mitochondrial oxygen consumption rates (OCRs) were evaluated in heart isolated mitochondria using the Seahorse XF24 Analyzer (Seahorse Bioscience). The experiments were performed with respiratory buffer (sucrose 70 mM, mannitol 220 mM, potassium phosphate monobasic 10 mM, magnesium chloride 5 mM, HEPES 2 mM, EGTA 1 mM, glutamate 10 mM, and malate 2 mM) supplemented with 0.02% FA-free BSA. Mitochondrial protein was quantified using Bradford protein assay. We used 5 µg of mitochondrial proteins per well. The mitochondrial respiration was measured before any addition (basal), then after addition of 4 µg/ml oligomycin (Oligo), followed by 50 µM or 100 µM palmitic acid (PA) or respiration buffer to study the H + leak, and then after addition of 0.1 µM FCCP to induce maximal respiration. Finally, 1 µM rotenone was applied to inhibit mitochondrial respiration. In each experiment, 2-3 wells were left unseeded for the collection of background measurements. Each experimental condition was applied to 3-4 wells per plate and repeated over 3-4 days (independent mitochondrial isolation). Basal respiration was measured at three consecutive time points; the effect of oligomycin was measured at two consecutive time points; the effect of FA was measured at nine consecutive time points (30 min total); and the effects of FCCP and rotenone were measured at one or two consecutive time points. The OCRs immediately after the addition of PA and after 30 min are reported. C2C12 cell culture and generation of AAC1/AAC2 knockout. The C2C12 cell line was purchased from ATCC (https://www.atcc.org/) and cultured in complete Dulbecco's modified Eagle's medium (DMEM; DMEM with 25 mM glucose, 10% fetal bovine serum (FBS), penicillin and streptomycin antibiotics). The C2C12 cell line was authenticated by ATCC. The AAC1/AAC2 DKO C2C12 cells were generated by Alstem LLC (http://www.alstembio.com/) using the CRISPR-Cas9 system. Alstem LLC provided initial authentification of AAC1/AAC2 DKO C2C12 cells with PCR. We provided further authentication of the DKO cells with western blotting and patch-clamp electrophysiology. All cell lines were tested negative for mycoplasma contamination by Alstem LLC. Transfection of gRNA Cas9 plasmids was performed using the Invitrogen Neon transfection system. gRNA candidates were selected via PCR amplification and selected for single-cell clone isolation.
AAC1 gRNA target 1: CGCCGCCGTCTCCAAGACGG CGG; target 2: GGGGCG GGGCGCGCGCGCGTCA GGG. AAC2 gRNA target 1: CGGCTTTGACTCCCGG GCTC TGG; target 2: AGGTACGTTCTGAGATCGAG GGG. Because DKO cells were glycolytic (Extended Data Fig. 10h) , growing them in a low-glucose medium would put DKO cells at a significant disadvantage as compared to wild-type cells, effectively resulting in vastly different growing conditions for the two cell lines. Therefore, the same growth medium containing 25 mM glucose was used for both for wild-type and DKO cells. Immunocytochemistry. C2C12 cells were seeded on 2-cm diameter coverslips in a multi-well plate. For immunostaining, cells were fixed in 3.7% paraformaldehyde for 20 min at 37 °C and permeabilized in 0.5% Triton X-100 for 10 min at room temperature. A 2-h incubation in primary rabbit polyclonal anti-TOM20 (Santa Cruz Biotechnology: FL-145) and mouse monoclonal anti-tubulin antibodies (Abcam: A44928) both diluted at 1:500 was followed by incubation in solution containing the secondary antibodies Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen: A11008) and Alexa Fluor 568-conjugated goat anti-mouse (Invitrogen: A11004) for 1 h at room temperature. The coverslips were mounted onto a cover glass using Prolong mounting medium (Invitrogen: P36934). Images were acquired using a Yokogawa CSU-X1 spinning disk confocal on an inverted Nikon Ti fluorescence microscope equipped with a 63× or 100× oil immersion objective. Image analysis and processing were performed using the NIS Elements software on 0.2-µm z-stack images acquired with the 100× objective. To quantify mitochondrial area, the maximum-intensity projections labelled with TOM20 on each acquired z-stack image were used. C2C12 mitochondrial isolation. C2C12 cells (wild-type or DKO) from ten 15-cm dishes were trypsinized and harvested with ice-cold PBS at 1,000g for 5 min. The cell pellet was incubated with hypotonic buffer (20 mM HEPES, pH 7.5, 5 mM KCl, 1.5 mM MgCl 2 , and 1 mg/ml essentially FA-free BSA) on ice for 10 min. Cells were then homogenized (25 strokes) using a tight-fitting glass dounce tissue grinder and rapidly made isotonic by adding the homogenate to 2/3 volume of 2.5× MSH (20 mM HEPES, pH 7.5, 525 mM mannitol, 175 mM sucrose, 5 mM EDTA, and 1 mg/ml essentially FA-free BSA). The homogenate was centrifuged at 600g for 10 min, and the supernatant was then centrifuged at 8,500g for 10 min to pellet mitochondria. Mitochondria were resuspended in MSH buffer (20 mM HEPES, pH 7.5, 210 mM mannitol, 70 mM sucrose, and 2 mM EDTA). Mitochondrial protein was quantified using the bicinchoninic acid assay (Thermo Fisher Scientific). Extracellular flux analysis of C2C12 cell-derived mitochondria. In a volume of 50 µl, 30 µg of mitochondrial protein was added to each well of a XF cell culture microplate (on ice). The mitochondria-loaded XF microplate was centrifuged at 2,000g for 20 min for adherence of organelles. Respiration buffer (20 mM Tris, pH 7.4, 210 mM mannitol, 70 mM sucrose, 0.1 mM EGTA, 3 mM MgCl 2 , 5 mM KH 2 PO 4 , 0.1% essentially FA-free BSA, 10 mM sodium pyruvate, and 5 mM malate) was added to a final volume of 0.5 ml, and the XF microplate was warmed at 37 °C for 8 min before loading into a XFe24 Extracellular Flux Analyzer (Seahorse Bioscience). The OCRs were recorded using a mix (20 s) and measure (2 min) cycle. FCCP was added at 10 µM (isolated mitochondria). Gramicidin A was added at 10 µM. Extracellular flux analysis of cultured C2C12 cells. Cells were plated in an XF microplate the evening before respirometry at 60,000 or 50,000 cells per well. Cells were washed with 250 µl unbuffered DMEM (Sigma, D5030), supplemented with 0.2% and 1 mM sodium pyruvate. Then 600 µl of unbuffered DMEM (supplemented with 0.2% and 1 mM sodium pyruvate) was added to the cells before incubation at 37 °C without CO 2 for 45 min. The OCRs were recorded using a mix (3 min), wait (2 min), and measure (3 min) cycle. The final concentrations of palmitate were 200, 400, or 600 µM, and that of FCCP was 4 µM. Analysis of mtDNA/nDNA ratio from C2C12 cells with quantitative PCR (qPCR). After collecting ~5 million cells (wild-type and DKO, n = 6), global DNA (including genomic and mitochondrial DNA) was extracted using the QIAamp DNA Mini Kit (ID: 51304 from Qiagen). We proceed to a serial 1/10-fold dilution of a wild-type sample for all the standard curves. Each sample has been diluted with a 1/5 ratio (genomic target, forward FWD: 5′-GCCAGCCTCTCCTGATTTTAGTGT-3′ and reverse primers REV: 5′-GGGAA CACAAAAGACCTCTTCTGG-3′) and one mtDNA target (ND1 forward FWD: 5′-CTAGCAGAAACAAACCGGGC-3′ and reverse primers REV: 5′-CCGGCTGCGTATTCTACGTT-3′). One microlitre of DNA and a final concentration of 0.2 µM of each primer were mixed with Power SYBR Green Master Mix (Thermo Fisher Scientific) according to the manufacturer's protocol. We normalized all our expression values to the expression of the genomic target. Immunoblots. For western blot analysis, cells were lysed in RIPA buffer (1% Igepal, 0.1% sodium dodecyl sulphate, 0.5% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl (pH 7.4) and a cocktail of proteases inhibitors). Lysates were resolved by SDS-PAGE; transferred to PVDF membrane (Millipore); and probed with anti-Na + /K + -ATPase antibody (Abcam, ab76020), anti-TOM20 (Santa Cruz, sc-11415), OXPHOS cocktail (Abcam, ab110413), anti-AAC1 (ab102032) and anti-AAC2 (CST 1467S). Chemicals. The following chemicals were used in this study: arachidonic acid sodium salt (AA, SIGMA A8798), palmitic acid (PA, SIGMA P0500), sodium dodecanoate (LA, SIGMA L9755), carboxyatractyloside potassium salt (CATR, SIGMA 4992), bongkrekic acid triammonium salt (BKA, Millipore 203671), guanosine 5′-diphosphate tris salt (GDP, SIGMA G7252), adenosine 5′-diphosphate sodium salt (ADP, SIGMA A2754), adenosine 5′-triphosphate disodium salt hydrate (ATP, SIGMA A6419), methyl-β-cyclodextrin (MβCD, SIGMA C4555), mersalyl acid (SIGMA M9784), arachidonic acid sulfonate sodium salt (AA-sulf, CAYMAN 9001886), 1-hexadecanesulfonic acid sodium salt (C6-sulf, SIGMA 106410), gramicidin A (Abcam ab144510), dl-dithiothreitol solution (DTT, SIGMA 646563), tert-butyl hydroperoxide solution (tBHP, SIGMA 416665), 4-hydroxy nonenal (4-HNE, CAYMAN 75899-68-2), and tributyltin chloride (TBT, SIGMA T50202). Statistical analysis. Data are presented as mean ± s.e.m. as specified in the figure legends. Statistical analysis was performed using software GraphPad Prism 8. Statistical significance with exact P values was determined as indicated in the figure legends. Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this paper.
Data availability
All data used to support the conclusions of this study are included in this article. Full all-point electrophysiological traces are available from the corresponding author upon request. All studies must disclose on these points even when the disclosure is negative.
Sample size
No sample size calculation was performed. The work reports large differences between samples, and we believe that all sample sizes were sufficient to demonstrate that SEM was significantly smaller as compared to differences between samples. Significant differences between samples were confirmed with Mann-Whitney test (two-tailed) or ratio paired t test (two-tailed).
Data exclusions No data were excluded.
Replication
All experimental data were reproduced multiple times as stated in the manuscript. All attempts at replication were successful.
Randomization No randomization was required because in our electrophysiological and respirometry experiments all samples are uniform when acquired under the same experimental conditions.
Blinding
Blinding was not performed and was not important in this study because all the measurements and analysis were direct, objective, and essentially free from bias.
Reporting for specific materials, systems and methods 
Antibodies Antibodies used
The following antibodies were used for immunocytochemistry: polyclonal anti-TOM20 (Santa Cruz Biotechnology, sc-11415, dilution: 1/500) and monoclonal anti-tubulin antibodies (Abcam, ab44928, clone# DM1A +DM1B, dilution: 1/500). The following antibodies were used for western blot analysis: anti-Na+/K+-ATPase antibody (Abcam, ab76020, lot# GR192449-10, dilution: 1/10,000), anti-TOM20 (Santa Cruz Biotechnology, sc-11415, lot# L1713, dilution: 1/2,000), OXPHOS antibody cocktail for mitochondrial respiratory content (Abcam, ab110413, lot# MS604/H4664, dilution: 1/300), anti-AAC1 (Abcam, ab102032, lot# GR290909-8, dilution: 1/300), and AAC2 (Cell Signaling Technology, CST 14671, dilution: 1/300).
Validation
The anti-TOM20 antibody (Santa Cruz Biotechnology, sc-11415, reacts with the mouse antigen) was validated by the manufacturer for western blots and ICC applications and has 80 product citations on the manufacturer website. The anti-tubulin antibody (Abcam, ab44928, reacts with the mouse antigen) was validated by the manufacturer for western blots and ICC applications and has 20 product citations on the manufacturer website. The anti-Na+/K+-ATPase antibody (Abcam, ab76020, reacts with the mouse antigen) was validated by the manufacturer for western blots and ICC applications and has 62 product citations on the manufacturer website. The OXPHOS antibody cocktail for mitochondrial respiratory content (Abcam, ab110413, reacts with the mouse antigens) was validated by the manufacturer for western blots and have 305 product citations on the manufacturer website. It is an optimized cocktail of high quality antibodies for analyzing relative levels of OXPHOS complexes in mouse mitochondria by western blot. The anti-AAC1 antibody (Abcam, ab102032, reacts with the mouse antigen) was validated by the manufacturer for western blots and ICC applications and has one product citation on the manufacturer website. Abcam provides their "Abpromise guarantee" which covers the use of ab110413, ab44928, ab76020, and ab102032, in western blots and immunocytochemistry applications. The anti-AAC2 antibody (Cell Signaling Technology, CST 14671, reacts with the mouse antigen) was validated by the manufacturer for western blot applications and has two product citations on the manufacturer website. CST statement: "To ensure product performance, we validate all of our antibodies, in-house, in multiple research applications."
Eukaryotic cell lines
Policy information about cell lines
Cell line source(s)
The C2C12 wild-type cell line was purchased from ATCC (https://www.atcc.org/). These wild-type C2C12 cells were used to generate the double AAC1/AAC2 KO C2C12 (DKO) cell line. The DKO cell line was generated by Alstem LLC (http:// www.alstembio.com/) using the Crispr-Cas9 system as described in the Methods section.
